Switzerland) according to the manufacturer's instructions. Three technical replicates were analyzed for each gene. To investigate the effect of drought stress on maize, the plants were exposed to 96 2 3 4
hours of water deficit, and then re-watered. Samples were collected from the 2 3 5 drought-treated plants at 0 h, 60 h, and 96 h of drought and at 3 days after re-watering, and from well-watered (CK) plants at the same times. In CK conditions, the plants 2 3 7
tended to grow normally with tall and straight leaves and stalks. Conversely, under 2 3 8 drought conditions, the plants drooped. The RWC in leaves was significantly higher in 2 3 9
the CK group than in drought-stressed group in the first 96 hours (P <0.01) (Fig. 1A) .
The differences in RWC between the drought-stressed and CK plants increased until 2 4 1 96 hours, then decreased after re-watering (Fig. 1A ).
4 2
Drought stress leads to the accumulation of reactive oxygen species (ROS), which between the drought-stressed and CK plants, we determined the activities of POD and SOD. The SOD and POD activities were higher in the drought-stressed group than in 2 4 6 the CK group during first 96 hours, but higher in the CK group than in the between drought-stressed and CK plants was at 96 h ( Fig. 1B) . After re-watering, the 2 4 9
SOD activities were approximately equal in the CK and drought-stressed groups. The 2 5 0 POD activity was lower in the drought-stressed group than in the CK group in the first 2 5 1 96 hours (Fig. 1C ), but higher in the drought-stressed group than in the CK group at 3 2 5 2 d after re-watering.
5 3
To evaluate drought adaptation, we measured gas exchange parameters. The photosynthetic rate (Fig. 1D ), stomatal conductance ( Fig. 1E) , and transpiration rate corresponding values in the control. After re-watering, the stomatal conductance and 2 5 7
transpiration rate recovered rapidly so that their levels in the drought-stressed group were equal to those in the CK group. The photosynthetic rate in the drought-stressed 2 5 9 also increased after re-watering, but not to the same level as that in the CK group. To study the involvement of regulatory miRNAs in the complex process of the maize 2 6 2 drought response, we profiled miRNA accumulation. After trimming adaptor obtained, ranging from 16 to 35 nt in length. Of these, the 21 nt category was the most 2 6 5 abundant, followed by the 22 nt and 24 nt categories ( Supplementary Fig. S1 ). These were consistent with the typical lengths of plant mature small RNAs reported in other Through target prediction, a total of 1028 miRNAs were predicted to regulate 11,118
genes with 22,677 target loci.
7 1
We constructed a normalized cDNA library using a mixed pool of equal amounts of of the drought treatment and at 3 days after re-watering. The library was sequenced on
the Illumina HiSeq 2500 platform using the paired-end protocol. Filtering and with lengths of at least 2 × 150 nucleotides (Supplementary Table S1 ).
7 7
The resulting reads were aligned to the Z. mays genome that was retrieved from an example, the coefficient of the three repeats was greater than 0.9. The gene 2 8 2 expression level was normalized by FPKM ( Supplementary Fig. S2 ). respectively, between the CK group and the drought-treated group (Fig. 2B ).
9 6
The miRNA sequencing results showed that in the first 60 hours of drought, 58
miRNAs were up-regulated and 163 miRNAs were down-regulated. In T96 versus
CK96, 106 miRNAs were up-regulated and 120 were down-regulated. In TR3d versus 2 9 9
CKR3d, 97 miRNAs were up-regulated and 118 were down-regulated (Fig. 2B ). regulated genes at each of the three time points (Fig. 3) . On the whole, the 3 0 2 differentially regulated genes in the first 60 hours of drought stress were related to biosynthesis and carbon fixation in photosynthetic organisms, indicating the common
involvement of these processes in the drought stress response. After re-watering, the
pathways of carbon metabolism were re-activated. Identification of genes involved in cell wall
Drought caused a significant up-regulation of genes encoding proteins involved in
cellular membrane stabilization and cell wall strengthening. These included the wall formation were up-regulated in the first 60 hours of drought stress, but drought-treated group than in the CK group at 3 days after re-watering ( these DEGs involved in the cell wall, a network analysis of miRNA-genes was three novel miRNAs (novel-m0661-5p, novel-m0125-3p, and novel-m0283-3p) and
five known miRNAs (miR9760-5p, miR5809-5p, miR5076-5p, miR6214-3p, and
miR5783-5p). Proline metabolism pathways in maize under drought stress and re-watering
Proline accumulation has long been associated with stress tolerance in plants. Proline is assumed to aid in osmotic adjustment in response to drought, however, it 3 3 2 also plays roles in reactive oxygen species (ROS) scavenging and membrane stability.
Our physiological analyzes of maize under drought stress revealed that proline
significantly accumulated in maize leaves at 60 h of drought stress (P<0.01), but its 3 3 5 levels did not differ significantly between drought-stressed and CK plants at other
time points (Fig. 5B) . We investigated the expression profiles of genes involved in
proline biosynthesis in response to drought stress. We identified 26 DEGs encoding (ALDH, EC 1.2.1.3), prolyl 4-hydroxylase (P4H, EC 1.14.11.2), and spermidine
synthase (EC 2.5.1.16), which were encoded by five, nine, and four genes,
respectively, all the remaining enzymes were encoded by single gene (Fig. 5A ). All and novel-m0228-3p regulated three DEGs involved in proline metabolism (encoding polyamine oxidase), and GRMZM2G054224 (encoding P4H), respectively. have shown that under drought stress, crops accumulate high levels of ABA, accompanied by major changes in gene expression (Galle et al. 2013; Ye et al. 2012 ). The ABA signaling mechanism is conserved in economically important plants, residues that comprise the gate-latch-lock components are highly conserved across ABA-dependent or -independent gene regulation (Fig. 6A ). An analysis of the 3 6 6 miRNAs that regulate these transcription factors revealed that MYB/MYC, bZIP,
NAC, and DREB were regulated by two microRNAs, while HD-ZIP was regulated by miR5783-5p suggested that miR5783-5p plays a vital role in the regulation of the
ABA signal transduction pathway in drought-stressed maize. At 60 hours of drought treatment, when bZIP was also expressed at much higher levels in drought-treated
plants than in CK plants (Fig. 6B) . At 3 days after re-watering, the transcript levels of the transcription factors were lower in the drought-treated plants than in the CK plants,
indicating shut-down of the ABA-dependent and -independent pathways (Fig. 6A) . To
confirm the reliability of the DEGs identified from the RNA sequencing analysis, 24
genes involved in the ABA signal transduction pathway were selected for qRT-PCR 3 8 0 using the specific primers listed in the Supplementary Table S1 . The results of ( Supplementary Fig. S3 ). The results of the fluorescent quantitative analysis of miR6214-3p were consistent
with the sequencing results (Fig. 9) . We used the Cytoscape platform to build the mechanism under drought stress. It was found that miR6214-3p may be involved in
the regulation of the cell wall (Fig. 4B ) and pro-anabolic pathways (Fig.5A) , it may 3 9 1 regulate DREB-related genes involved in ABA signaling (Fig.6A) , and it may also 3 9 2
regulate genes encoding chlorophyll a-b binding protein, as well as the BHLH and
MYB transcription factors (Fig. 7) . All of these genes were DEGs under drought 3 9 4 stress ( Supplementary Fig. S4 ), suggesting that they may play important roles in the
drought response in maize. We selected the six miRNAs showing the largest differences in expression between drought and CK conditions, and identified their targets. Among them,
up-regulated miRNAs (novel-m0414-5p) targeted eight genes associated with the 3 9 9
drought response and tissue development (Fig. 8 ). These genes encoded proteins To confirm the reliability of miRNAs identified from the sequencing data, four 4 0 7 key miRNAs were selected randomly for qRT-PCR using the specific primers listed in 4 0 8 Supplementary Table S3 . The results were similar to those obtained by sequencing,
indicating that zma-miR167f-5p, miR5072-3p -3p, zma-miR167j-5p, and
zma-miR167e-5p were down-regulated under drought stress. After re-watering,
zma-miR167f-5p, miR5072-3p, zma-miR167j-5p, and zma-miR167e-5p were 4 1 2 up-regulated (Fig. 9 ). Drought is one of the main factors limiting plant growth and production. In practice, speed of responses to drought, depending on their genetic and ecotypic backgrounds. However, a number of drought responsive genes are conserved across plant taxa, The synthesis and accumulation of ROS is promoted under stress conditions, and that the activities of POD and SOD in maize leaves were significantly higher under 4 3 8 drought stress than under CK conditions, and that their activities decreased to normal 4 3 9 levels at 3 days after re-watering (Fig. 1B, C) . This is consistent with a previous
report, which noted that increased SOD and POD activities to quench ROS were The primary reaction under drought stress is to modulate the aperture of stomata. signaling of stomatal closure in maize leaves (Yao et al., 2013) . In this work, our
results showed that the photosynthetic rate (Fig. 1D ), stomatal conductance (Fig. 1E) 4 5 3
and transpiration rate (Fig. 1F) were decreased by degrees under drought stress 4 5 4 compared with CK, then recovered to normal levels after re-watering ( Fig. 1 D-F) .
DEGs in maize under drought stress and re-watering
We detected 221, 226, and 215 differentially expressed miRNAs between 4 5 7 drought-treated and CK plants at 60 h, 96 h, and 3d, respectively (Fig. 2B ). Of these
DEGs, 478 were commonly shared among the three groups ( Fig. 2A) . The GO The cell wall is the first line of defense against abiotic stress. Many proteins that are ( Manoli et al., 2015; Fryet al., 1992; Geilfus et al., 2011) . The expression of GRMZ2G112686 (target of miR5076-5p, miR5783-5p, novel-m0283-3p), miR6214-3p,novel-m0611-5p,miR5783-5p) and GRMZ2G082184 (aquaporin NIP, increased rapidly as the drought treatment continued (Fig. 4A, B) . The differential oxidative stress (Zhang et al., 2012; Kotchoni et al., 2012) . In this work, in addition to
the novel genes XLOC_020588 and XLOC_023274, the genes GRMZM2G058675,
GRMZM2G125268, GRMZM2G155502 also encoded ALDHs (EC 1.2.1.3), which
play important roles in glutathione metabolism.
0 9
We determined the expression profiles of genes involved in proline biosynthesis in
response to drought stress ( Fig. 5 A and B) . All the DEGs in the proline biosynthesis
pathway were up-regulated in response to drought stress in the first 96 hours, except
for ornithine decarboxylase (EC 4.1.1.17) and two ALDH homologs (Fig. 5A ). These
findings suggested that proline synthesis in maize was increased in response to 5 1 4 drought stress. of the plant to retain water, and that ABA accumulates to higher levels in ABA-dependent or -independent gene regulation (Fig. 6A) . The binding of ABA SNF1-related protein kinase 2 (SnRK2) (Ng et al., 2011; Soon et al., 2012) . SnRK2 is an important signaling molecule that phosphorylates its downstream targets, including drought-responsive manner (Yoshida et al., 2010; Bechtold et al., 2013) . A previous
report indicated that the transcription factor MYB, the target of miR858, leads to synthesis (Gao et al., 2016) . In this study, we detected an increase in the transcript 5 3 7 levels of GRMZM2G050305, encoding the MYB transcription factor ZmMYB31,
under drought stress. Its transcript levels then decreased after re-watering (Fig. 6A) .
ZmMYB31 is involved in the drought stress response via the ABA-dependent tissues and at different stages of development. It has been reported that miRNAs are involved in biological processes such as growth maize miRNAs under stress conditions. In this study, we searched for genes related to to understand the mechanism of drought resistance in maize, but also identify development of new drought-resistant varieties. In a previous study, the down-regulation of miR6214-3p was associated with the 5 5 9
activation of the stress response and antioxidant system in plants (Lu et al., 2015) . In
this work, we found that miR6214-3p was down-regulated under drought stress and
up-regulated at 3 days after re-watering (Fig. 9) . The predicted targets of miR6214-3p
were involved in the metabolism and signaling pathways of the drought tolerance 5 6 3 response (Fig. 7) .
The BHLH family is one of the largest families of plant transcription factors, and
its members all contain two regions (basic and HLH). Plant bHLH transcription Asterisks indicate statistically significant difference between groups (Student's t-test):
*p<0.05, **p<0.01, ns: no significant difference. 
